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PREFACE

The results described in this report were obtained before May 1980.
Since that time, additional information has been received and obtained.
For example, new calculations have been obtained from Dr. Heiser from
the Abteilung fur Ballistik im Ernst-Mach-Institut, Federal Republic
of Germany and Dr. Hansel from the Deutsch-lFranzdsisches Forschungsinstitut,
France. The consequences of utilizing higher order temporal differences
have been determined. The effects of the corner singularity on the
flow simulation have been quantified. These results will be communicated
in the BRL technical reports which will supersede this memorandum report.
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I. INTRODUCTION

At the ARRADCOM Ballistic Research Laboratory (BRL), a new, state-
of-the-art, two-phase, two-dimensional, algorithm, ALPHA, is being
developed for interior ballistics under contract to Scientific Research
Associates, Inc.1 ALPHA will simulate the high pressure, turbulent,
viscous gas flow and the burning propellant motion behind an accelerating
projectile as well as the heat transfer to the gun-tube wall. The con-
sistently split linearized, block, implicit scheme developed by Briley
and McDonald2 is employed to solve the two-phase, averaged equations.

The validation of the basic models and the numerical technique in
an interior ballistics environment is an important and necessary task.
As the algorithm is being developed, we at the BRL are testing finished
segments for accuracy and are making necessary modifications. By this
process, we hope to have a substantial in-house capability with an
advanced algorithm when the complete code is delivered. This paper de-
scribes aspects of the initial validation program and its findings.

The first phase of the validation program consists of 150-mm and
20-mm Lagrange gun simulations. The Lagrange gun is a perfectly smooth
cylindrical tube closed at one end (the breech). The flat-based projec-
tile is initially held fixed at some distance from the breech, and an
inert hot gas at high pressure fills the enclosed cavity. The ballistic
cycle of the Lagrange gun resembles that of a real gun, if the assumption
is made that the propellant burns completely before the projectile moves.
The Lagrange gun is used as a benchmark problem to validate the accuracy
of simulated wave propagation within the gun tube, the accuracy of the
core flow coupling to the projectile motion, the accuracy of the simulated
unsteady, viscous, heat-conducting gas flow, and ALPHA's capability to
resolve multiple-length scales. A simulation of the two-dimensional
flow within the Lagrange gun requires the resolution of several different
length scales, for example, those of the core flow, the boundary layer
along the gun-tube wall, and the radial flow near the projectile.

Without viscosity, the gas flow in the Lagrange gun is one-dimensional
and is determined by propagation of the rarefaction wave. The rarefaction
wave is generated by the motion of the projectile and may traverse the
distance between the projectile and the breech one or more times before
the projectile exits the tube. Under the further assumptions of isentropic

1H.J. Gibeling, R.C. Buggeln, and H. McDonald, "Development of a Two-
Dimensional Implicit Interior Ballistics Code," USA ARRADCOM/BaIlistic
Research Laboratory Contract Report ARBRL-CR-00411, January 2980,
(UNCLASSIFIED). (AD #A084092)

2W.R. Briley and H. McDonald, "Solution of the Multidimensional CompressibZe

Navier-Stokes Equations by a Genearlized Implicit Method," J. Comp.
Phys., L1 pp 372-397 (7977).
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expansion of each element of gas and of constant covolume, Love and
Pidduck developed an analytic solution for thz flow field and projectile
motion. Although the formulas for the gas properties become extremely
complicated after the rarefaction wave reaches the projectile for the
first time, these investigators calculated the gas flow during the com-
plete ballistic cycle for a 150-mm Lagrange gun. If the gas within the
gun is viscid, the flow is two-dimensiovnal because of the tube wall
boundary layer and the radial flow throughout the flow field. The radial
flow is caused by the interaction of the larger gas speed in the axial
direction in the core region which governs the projectile motion, and
the slower gas speed in the axial direction in the tube wall boundary
layer. Because of this disparity in axial velocity in the radial direc-
tion, the gas particles in the boundary layer do not keep up with the
projectile. Hence, a mass deficit is generated near the corner of the
projectile and tube wall. To rectify this deficiency, a radial component
of the velocity develops which is toward the tube wall near the projectile.
Although no analytic solution exists for the two-dimensional case, a
computer simulation of the flow field was calculated by Heiser and Hensel4

for a 20-mm gun. They calculated the values of the flow-field variables
at the projectile base, the velocity and thermal boundary layers along
the tube wall, the radial velocity distribution in the flow, and temper-
ature profiles.

Section II of this report lists the governing equations, states the
boundary conditions, and summarizes the numerical procedure used in ALPHA.
In Section III, the results of the one-dimensional simulations of the
Lagrange gun are given. Using the Love and Pidduck formula for projectile
base pressure3 , which is valid until the rarefaction wave reaches the
projectile, a mesh and time-step resolution study is made and the time-
step selection procedures are analyzed. The accuracy of the rarefaction
wave propagation and projectile velocity calculations, from the start of
projectile motion to time of projectile exit, is determined by comparing
them to the Love and Pidduck analytic calculations3 for the 150-mm gun.
The two-dimensional ALPHA results for the 20-mm gun are presented in
Section IV. Projectile base histories and velocity fields are compared
to the predictions of Heiser and Hensel 4 . The 99-percent-velocity
boundary-layer thicknesses as a function of time and position as calcu-
lated by ALPHA are compared to those which assume a similiarity solution.
Section V contains the conclusions.

E".H1. Love and F.B. Pidduck, "Lagrange's Raatistic Prob7cm, " i'f. 7'van .

Roy. Soc., 2., pp 167-22T, (1921-?2).

PR. Hoiier and 1. HenseZ, "CaZculation of the Axisymmetr C.n. tOady
COmpressible Boundary Layer Flow Behind a Moving Projectile," Pro-
coedings of the Fourth International Syrmporium on 1a0l7otH, 7?S.
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II. GOVERNING EQUATIONS AND NUMERICAL METHOD

The gas flow within the Lagrange gun is assumed to be single phase,
compressible, laminar, viscous, heat-conducting, and axisymmetric. The
flow is also assumed to obey Stoke's relation of viscosity and Fourier's
law of heat conduction. For this case, the governing partial differential
equations of Gibeling, et all can be written as:

22p la a(1

at + (rpu) + - (pw) - 0

)3 +- P (Lru 2 ) +a (puw)- a +2 a r

+2 au u+ [ (3u aw)]
(pr) + ( r  ' (22 -L -3

t r Dr 3 z ( w  r ar-3 a rr zr

+ a 2 (2 3z Dr ) (3)

a 3 r a 3 a P aPat (p) - rr ru) + _L (pwh) =y U + L - L +

S( (rpuh)

- r - - (q) , (4)

where t, r, z, p, u, w, P, p, h, 4, qr' and qz are the time, radial
coordinate, axial coordinate, density, radial velocity, axial velocity,
pressure, viscosity coefficient, specific enthalpy, dissipation function,
radial component of the heat flux vector, and the axial component of the
heat flux vector, respectively. The following algebraic relations are
coupled with Eqs. (1) through (4):

p RTP pT (Noble-Abel equation of state) (5)M(1-np) 'i

h -c T + P/p, (6)V
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SCIT 3/2/(c 2 + T) , (Sutherland's viscosity law) (7)

Pr - 4y/(9y -5) , (Eucken formula) (8)

k - cp /Pr , (9)

(qr qz) - (-kUT/ar, -kUT/az) , (10)

where R is the universal gas constant, T is the gas temperature, M is
the molar mass, n is the covolume, cv and cp are the specific heats,
y is the ratio of specific heats, Pr is the Prandtl number, and k is the
coefficient of thermal conductivity. In the simulations, the values of
the constants M, cl, and c2 are those used by.lpiser and Hensel

4:
M = 23.8 g/mole,c 1 = 1.458 x 10-' kg/(s.m.K±/2), and c2 = 110.33 K.
The dissipation function P is defined by

~2 [l3 w]2 au.2 (u 2 +_w 2]

9r 3r rT 9i

[Lua + a] 2(11)

The motion of the projectile is assumed frictionless and is governed by
the equation

dwR*
m - 2- = 2Tv P(r,z ,t)rdr , (12)
pdt fp

0

where R* is one-half the gun caliber, and m, Zp, and w are the mass,
position, and axial velocity of the projecale, respectively. The gas
properties and gun parameters that are not listed above vary with the
simulation and are given in Table 1.

The boundary conditions at the breech and projectile are the same
for all the simulations, i.e., no-slip, adiabatic walls. The boundary
conditions along the centerline are the symmetric conditions; u = 0,
3w/Dr = 0, 3T/ar = 0, ap/3r - 0. Along the tube wall, the conditions
vary according to the simulation and are given in the appropriate sec-
tion. The density at a no-slip wall is determined by the normal momentum
equation at the wall. Because the mesh lines lie on the computational
boundaries, one-sided differences are used to approximate the analytic
derivative boundary conditions. The initial conditions for each simula-
tion are given in Table 1.

12
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TABLE 1. GEOMETRY AND GAS PROPERTIES FOR THE 150-mm AND 20-mm
LAGRANGE GUN SIMULATIONS

150 mm Bore Diameter 20 mm

1.698 m Combustion Chamber Length .175 m

6.0 m Maximum Travel of Projectile 1.115 m

50 kg Projectile Mass .120 kg

1.0 x 10- 3 m 3/kg Covolume 1.08 x 10- 3 m 3/kg

1.222 Gamma 1.271

621.09 MPa Initial Pressure 300 MPa

2666.8 K Initial Temperature 3000 K

The Eqs. (1) through (4) are solved numerically by the Briley and
McDonald split, linearized, block, implicit scheme. All the ALPHA
calculations are performed using a fully implicit time-step (backward
difference) and centered spatial differences. In the ALPHA algorithm,
certain terms in the governing equations can be lagged by one time-step
in order to simplify the implementation of the algorithm and to enhance
its efficiency. The viscosity coefficient v, the dissipation function I
all mixed second-order partial derivatives, and the coefficient of thermal
conductivity k are lagged in these simulations. The computational mesh
in the axial direction is an accordian-type mesh; i.e., the first and
last axial grid points are attached to the breech and projectile, respec-
tively, and the mesh expands as the projectile accelerates down the gun
tube. The details of the computational mesh for each simulation are
given in the appropriate section.

Because the boundaries of the Lagrange gun are assumed adiabatic,
the total energy within the computational domain should remain constant
throughout a simulation. A conservation test for mass and total energy
is incorporated into ALPHA. The deviation of these quantities from thei
initial values is monitored throughout the calculations.

III. ONE-DIMENSIONAL LAGRANGE GUN

The geometry and gas properties for the 20-mm and 150-mm gun
simulations are listed in Table 1. For the one-dimensional calculation,
the computational domain (the inclosed cavity behind the projectile) is
divided uniformly by four mesh points in the radial direction, and
uniformly in the axial direction. Along the tube wall, symmetry boundary
conditions are stipulated. Although gas in the simulations is viscous,

13



the symmetry condition at the wall DreV-,Ls a boundary layer from forming
and the flow is one-dimenjiuaa. A measure of the viscous effects in
this flow is tl . aeviation of the pressure P and density p from the
isentropic relation

P(- ) y - P ('"- n ), (13)

p 0Po

where the subscript zero denotes the initial values. In every one-
dimensional calculation, the deviation of the left hand side of Eq. (13)
is less than 1.4 percent from the right hand side. Hence, the viscous
effects of the gas are believed to be negligible, and the ALPHA simulacions
represent the Love and Pidduck case. 3

Because the Briley and McDonald 2 scheme is implicit, the time-step
selection is not coupled to the spatial mesh. Consequently, both the
mesh and time-step must be chosen by the user. A study of mesh and time-
step refinement reveals the controlling truncation error mechanism.
The calculations simulate the propagation of the rarefaction wave to the
breech, the reflectic.. of the wave, and its return to the projectile
base. Because the pressure is a significant flow variable in a ballistic
cycle, we compare the computed pressure value to the analytic value of
Love and Pidduck 3 at the first time the rarefaction wave returns to the
projectile (t = .24201 ms). The largest difference between the pressure
values occurs at this time and is listed in Table 2. The tabulated
results show that for the lO--os and 5-is time-step runs, the time trun-
cation error dominates the spatial truncation error and that only for
sufficiently small time-steps does a mesh refinement increase the accuracy.
If the projectile exit times are of the order of ten milliseconds, a
constant time-step of the order of microseconds would cause a very
lengthy calculation. To increase the accuracy of the results in Table 2
as well as the algorithm's efficiency, higher-order temporal finite
differencing should be employed.

TABLE 2. REFINEMENT OF MESH AND TIME-STEP FOR THE ONE-DIMENSIONAL
20-mm LAGRANGE GUN

% Deviation*

11 Axial Mesh 22 Axial Mesh

Constant Time-Step (p) (Az0 = 17.50 mm) (Az0 = 8.33 mm)

10 2.82 2.80

5 2.09 2.04

2.5 1.59 1.49

1.25 1.39 1.13

3In base pressure values between solutions of Love and Pidduck and

ALPHA at t = .24201 ms. 4
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Initially, ALPHA had two time-step selection procedures for transient
calculations - a constant time-step and a variable time-step based on
the maximum relative percent change in the velocity components and
density. For the runs recorded in Table 3, the variable time-step was
increased by 25 percent if the maximum change was less than 4 percent,
was decreased by 20 percent if the maximum change was greater than 6 per-
cent, and was not altered if the maximum change was between 4 percent
and 6 percent. A comparison of the accuracy and efficiency of time-step
selection procedure is given in Table 3. Consider the 22 axial mesh run
with the initial time-step At0 W 1.25 Vs. The computational work column
indicates that the selection procedure for the variable time-step

increases the At, because the computational work for the variable time-

step is less than that for the constant time-step. In fact, the maximum
At for this case is 10 Vis. Comparing the accuracy of this run with the
At0 = 10 p.s run, we see only a 8.4 percent increase in accuracy while
the initial time-steps differed by a factor of 8. Consequently, a sig-
nificantly smaller initial time-step for the variable time-step selection
procedure does not insure a comparably more accurate solution at the
final time. Futhermore, this selection procedure is inefficient. For
example, in the case above 84 percent, more computational work was ex-
pended with only a 8.4 percent increase in accuracy. The same behavior
can also be seen for the 11 axial mesh run. Thus, for time-step refime-
ment, which is important in the validation of computer results, this
procedure is unacceptable for this class of problems.

TABLE 3. A COMPARISON OF SELECTION PROCEDURES FOR VARIABLE AND
CONSTANT TIME-STEP FOR THE ONE-DIMENSIONAL 20-mm LAGRANGE GUN

Initial Percent Deviation aRelative b

Axial Uniform Time-Step Variable Constant Computational Workb

Mesh A0O(A max- 0's Variable Constant

22 (Az = 8.33 mm) 10 2.14 2.80 3.8 1.7

22 5 2.04 2.04 4.7 3.3

22 1.25 1.96 1.13 7.0 13.2

11 (Az =17.50 mm) 10 2.25 2.82 2.1 1
0

11 1.25 2.08 1.39 3.8 7.8

a rn base pressure values between solutions of Love and Pidduck 3and

ALPHA at t = .24201 ins.

b Nube of finite difference nodes evaluated to reach t = .24201 ins.

15



Questions on the optimal choice of mesh, time-step, and time-step
selection procedure are not addressed. However, It is clear from Table 3
that, for a comparable amount of computational effort, the accuracy can
vary substantially depending on the much and time-step selection proce-
dure. For example, the calculation with an 11 mesh and a constant time-
step of 1.25 ps takes only 11 percent more computational work than cal-
culation with the 22 mesh and variable time-step (Ato 1.25 wes), and
yet the accuracy is 29 percent better.

Because neither of the existing time-step selection procedures pro-
duces a sufficiently accurate result with good efficiency, a new selec-
tion procedure was developed. The axial propagation of the rarefaction
wave within the gun tube governs the entire flow field. Thus, a time-
step based on the wave speed and the axial computational mesh can be
utilized, i.e.,

Az
At =o max (14)

(a~w)

where (a+w) pis the sound speed plus the gas axial velocity at the pro-
jectile base and a is an input constant. This axial Courant-Friedrichs-
Lewy type of condition is not used for reasons of numerical stability but
as a compromise time-step selection procedure because it allows suffi-
ciently accurate results in acceptable run times. In the initial phase
of the simulation, the axial mesh size and the quantity (a-~v)p do not
change significantly; thus, Eq. (14) approximates a constant time-step.
In the final phase, the mesh size increases by a factor of 4 or 5 and a
time-step selection based on Eq. (14) allows a larger time-step as the
spatial truncation error also increases. This time-step selection
attempts to perserve some of the accuracy of a constant time-step while
allowing a faster calculation. Furthermore, the objection of the selec-

tion procedure for the variable time-step is eliminated because a smaller
value of the constant a consistently makes the time-step smaller for a
given mesh and improves the accuracy of the calculation.

For the simulation of the one-dimensional 150-mm gun, a uniform
axial mesh with 89 grid points is used and the constant a is set to one.
Figure I shows the Love and Pidduck pressure decrease due to propagation
of the rarefaction wave. The displacement of the projectile and subse-
quent gas expansion causes the rarefaction wave. At t = 0, the pressure
is at its initial value. At t = 0.477 ins, the position of the rarefaction
wave (given by the slope discontinuity) is midway between the projectile
and breech. At t = 0.954 ins, the rarefaction wave reaches the breech
where it is reflected. This wave arrives back at the displaced projectile
at t = 2.117 ins. The rarefaction wave is again reflected and the entire
process is repeated. At projectile exit time t = 10.58 ins, the rarefac-
tion wave is approximately halfway to the breech for the third time.

16
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Figure 1. The Love and Pidduck Pressure Profiles for the
150-mrn Lagrange Gun (Adapted from Reference 3)
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The magnitude in the slope discontinuity of the pressure curve decreases
with time due to the equilibration of the pressures during the gas ex-
pansion. The position curve of the projectile shows a distinct slope
discontinuity when the rarefaction vave reaches the projectile for the
first time. At the second arrival t - 7.137 ins, the magnitude of the
slope discontinuity is extremely small and cannot be discerned in Figure 1.
The ALPHA results are plotted in Figure 2. Although the times at which
the pressure profiles are plotted do not coincide with those of Love and
Pidduck, the same features seen in Figure 1 are present in Figure 2.

Figure 3 shows a detailed comparison of the Love and Pidduck pressure
profile with the ALPHA pressure profile at t - 2.898 ms. At the breech
and projectile (away from the rarefaction wave), the difference between
the pressure values are less than 0.2 percent. At the rarefaction wave,
the difference is less than 1.1 percent. The slope discontinuity in the
analytic solution is smeared out in the numerical calculation. The ALPHA
pressure history at the projectile is compared with the analytic values
in Figure 4. Throughout most of the calculation, the values differ by
less than 0.4 percent. The deviation increases to over 2 percent when
the rarefaction wave reaches the projectile. This is consistent with
results shown in Figure 3; i.e., the accuracy of the pressure value at
the rarefaction front is less than at a distance from it. The decrease
in the accuracy of the ALPHA pressure values for t > 6 ms is due to the
increased truncation error generated by the expanding axial mesh. Fig-
ure 5 shows the comparison of the velocity histories of the projectile.
The ALPHA values are within 0.6 percent of the Love and Pidduck values
through projectile exit time.

IV. TWO-DIMENSIONAL LAGRANGE GUN

The no-slip boundary condition along the tube wall is imposed for
this calculation, and a two-dimensional flow develops. The tube wall is
assumed to be adiabatic. The computational grid at t = 0 is given in
Table 4. Grid concentrations along the tube wall and projectile are used
to resolve the boundary layer and radial flow near the projectile, respec-
tively. Because the mesh lines lie on the computational boundaries, the
corner formed by the tube wall and projectile base gives rise to a corner
singularity; that is, the axial velocity at the vertex of the corner is
not uniquely defined. If the mesh point at the vertex is viewed as part
of the tube wall, its axial velocity should be zero. If this mesh point
is viewed as part of the projectile, its axial velocity should be the
velocity of the projectile. For all calculations reported in this
paper, the former is used. No significant difference in the flow field
occurs when the latter is chosen.

The time-step procedure for this run is the minimum time-step which
is generated by the variable time-step procedure and by Eq. (14). The
rationale is based on the facts that the variable time-step procedure
has been used to accurately compute compressible boundary layers and

18
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Figure 3. Comparison of Pressure Profiles After Rarefaction Wave
Has Been Reflected From the Projectile for the 150-mm Lagrange Gun
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for the 150-mm Lagrange Gun
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TABLE 4. COMPUTATIONAL MESH FOR THE TWO-DIMENSIONAL
20-m LAGRANGE GUN SIMULATION

Radial Axial
Number Increments (mm) Increments (mm)

1 1.95821 (CenterLine) 3.79072 (Breech)
1.81402 4.67230
1.56520 (Midway) 5.68545
1.26983 6.81124

5 .97971 8.00911
.72696 9.21362
.52395 10.33597
.36977 11.27290
.25710 11.92313 (Midway)

10 .17692 12.20841
.12087 12.09234
.08218 11.58988
.05568 10.76j40
.03764 9.70698

15 .02541 8.52543
.01713 7.31528
.01155 6.15246
.00778 (Tube Wall) 5.08793

4.14922
20 3.34532

2.67246
2.11928
1.67080
1.31119

25 1.02524
.79940
.62193
.48303
.37465

30 .29029
.22474
.17388
.13448
.10395

35 .08035
.06207
.04796
.03704
.02861

40 .02210
.01706
.01318
.01017
.00786

45 .00607
.00468
.00362
.00276 (Projectile)
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that the time-step given by Eq. (14) produces at most a 2.3-percent error
in pressure values for propagation of the rarefaction wave in the 150-mm
gun. By using the minimum, both phenomena which occur in this two-dimen-
sional problem should be accurately computed. For this simulation, the
constant a is set to one.

The gun geometry, gas parameters, initial conditions (see Table 1),
and boundary conditions used in the simulation are identical to those
used by Heiser and Hensel4. Despite this duplicate setup, the computed
projectile velocity at the muzzle differ greatly: Heiser and Hensel com-
puted over a 700 m/s value (see Figure 6), while the ALPHA value is less
than 600 rn/s (see Figure 7). To determine the more accurate calculation,
these times were compared with the arrival time of She r arefaction wave
at the projectile as determined by Love and Pidduck . Although the
development of the boundary layer along the tube wall may alter somewhat
the rarefaction-wave propagation, the arrival times of the rarefaction
wave for the one-dimensional and two-dimensional simulations should be
comparable. Taking the slope discontinuity in the curves of the pres-
sure history as the arrival time of the rarefaction wave at the projec-
tile, we find that the arrival time computed by Heiser and Hensel is
96 percent larger than the Love and Pidduck value of .24201 ins. The
value computed by ALPHA is 4 percent smaller; consequently, we feel that
the ALPHA result is more accurate. Because a higher pressure is main-
tained at the projectile base for a longer time in Heiser and Hensel's
simulation, the projectile velocity at the muzzle is larger and the pro-
jectile exit time is shorter. The dashed curves in Figure 6 are the
Heiser and Hensel results for a breechless gun (the simple wave solution
represents the case when the rarefaction wave never returns to the pro-
jectile).

The axial velocity near the centerline for a given time can be
approximated well by a linear profile with the axial velocity equal to
zero at the breech, and equal to the projectile velocity at the pro-
jectile base. Furthermore, the gun-tube wall is at rest. This config-
uration resembles that f or the steady Falkner-Skan similarity solution5

for the boundary layer with a linear core velocity. The boundary-layer
thicknesses away from the projectile base are almost constant as are the
boundary-layer thicknesses in the corresponding Falkner-Skan solution.
(See Figure 8.) In the similarity solution the boundary-layer thickness
is given by

1/2 (5

5 G.K. Batchelor, An Introduction to Fluid Dynamics, Cambridge at the
Unversity Press, pp. 316-18, 1970.
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Figure 6. The Helser and Hensel Projectile Histories for the
20-mm Lagrange Gun (Adapted from Reference 4)
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where K is a proportionality constant and W, p, z, w, are the gas vis-
cosity coefficient, gas density, axial position, and axial gas velocity
in the core flow, respectively. The value of the constant K at specific
times is computed at a calibration point (the second axial mesh point
from the breech) from Eq. (15) by using the core values and the 99-per-
cent-velocity boundary-layer thickness value which is calculated from
the ALPHA velocity field. Once the constant K is deter-mined, a "theoret-
ical" value of the boundary-layer thickness via Eq. (15) can be computed
for-the given-time and for any position from the ALPHA centerline values
of p, p, and w. The comparisons between these "theoretical" values and
the actual 99-percent-velocity boundary-layer values are given in Fig-
ure 8. Away from the projectile base, these values differ by no more
than 5 percent, and the ALPHA values seem to be self-consistent. The
boundary-layer thickness is largest at the projectile exit when it reaches
0.22 mm. The thicknesses of the velocity boundary-layer calculated by
Heiser and Hensel are less than 0.1 mm. This discrepancy is reasonable
because these investigators predicted a larger core velocity, which
increases the core Reynolds number and decreases the boundary-layer
thickness.

A typical velocity field computed by ALPHA is shown in Figure 9.
Because the radial velocity is of the order of 1 rn/s and the axial velocity
is of the order of 100 m/s, different plotting scales are used. Figure 9
shows only the velocity vectors for a selected number of mesh points.
if the velocity vectors at each mesh point were shown, the high concen-
tration of grid points would obscure the flow picture near the wall and
projectile. The ALPHA velocity field does not change qualitatively,
but only quantitatively in time. The axial flow in the core accelerates
from zero at the breech to the projectile velocity. The tube-wall bound-
ary layer can clearly be seen. Figure 9 does not show the small non-zero
radial velocity, in the interior of the computational domain and away
from the projectile, because their magnitudes are so small. Close to
the projectile, the radial flow reverses direction and significantly
increases in magnitude. The radial flow is developed in order to rectify
the mass deficit at the corner of the projectile base and tube wall
caused by the boundary layer along the tube wall. Figure 10 shows Heiser
and Hensel's velocity field at two times. Despite the fact that these
velocity fields are near projectile exit and are only 0.1 ms apart, they
differ significantly in the radial component. The ALPHA velocity field
is more consistent with the flow-field mechanisms.

V. CONCLUSIONS

The initial validation program for ALPHA via the Lagrange gun reveals
several important facts. (1) Higher-order schemes for temporal finite
differencing should be used to increase ALPHA's accuracy and efficiency.
(2) A better procedure for time-step selection should be developed for
the class of problems involving unsteady wave propagation. (3) Despite
a relatively coarse core mesh and large time-step, ALPHA can compute
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the propagation of one-dimensional rarefaction waves to within 2.3 per-
cent and projectile motion to within 0.6 percent. (4) ALPHA's simulation
of the two-dimensional Lagrange gun is more accurate than previous cal-
culations. (5) The boundary-layer thickness along the gun-tube wall
computed by ALPHA is consistent. (6) ALPHA calculations conserve mass
and energy to within 0.3 percent for a complete simulation.

The importance of the analytical solution of Love and Pidduck 3in
this study cannot be overemphasized. This analytic solution is used,
at least partially, in forming four out of the six conclusions above.
Furthermore, in the initial validation program of a new code, an analytic
solution is superior to experiments because the uncertainties in the
experimental set-up and the errors in the measurements are absent.

Future work with ALPHA consists of testing higher-order schemes for
temporal finite differences and procedures for time-step selection for
the Lagrange gun environment. The r.adial flow and its effects on the
temperature field, especially near the projectile, as well as the effects
of the multivalued corner point (at the intersection of the gun-tube wall
and projectile base) on the flow field will be studied in detail.
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